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Unfortunately, few studies have examined the maximal blood pressure response to exercise in trained and untrained individuals. An early study by Ekblom et al('found that after 16 weeks of endurance training, there was a 20 mm Hg increase in maximal systolic blood pressure in a group of eight subjects. Similarly, a subsequent study7 reported that trained individuals had higher maximal blood pressure values than untrained subjects. However, other researchers have reported no difference in the maximal blood pressure response before and after endurance trainingx and between trained and untrained subjects.g Thus, the role of training state in determining the blood pressure response to dynamic exercise remains controversial.
If endurance-trained persons show an exaggerated blood pressure response to exercise, as preliminary studies suggest, '-s it would have important implications. Since it is well established that aerobic training reduces the risk of developing hypertension, '[" this finding would indicate that an exaggerated blood pressure response is not a valid prognostic test to indicate the likelihood of future hypertension in this population. Therefore, the purpose of this study is to compare the blood pressure responses to a maximal, graded exercise test between trained and untrained subjects. We hypothesized that physically-active subjects would demonstrate a smaller blood pressure response to maximal exercise than inactive subjects.
METHODS

Subjects
The subjects for this study were 31 (27 men and 4 women) untrained subjects and 26 (22 men and 4 women) well-trained endurance athletes. All subjects were normotensive (blood pressure < 140/90 mm Hg) and were free of overt cardiovascular disease. None of the subjects was a smoker and was taking any medication. Endurance-trained athletes were either competitive runners, road cyclists, or triathletes, and had been training a minimum of 2 years prior to the study. Untrained subjects had not engaged in any regular exercise programs in the preceding year. Following a verbal and written explanation of the procedures and potential risks involved in this study, subjects signed an informed consent approved by the Institutional Review Board. Additionally, subjects were requested to complete a questionnaire on parental history of hypertension.1' Body composition was evaluated from the threesite skinfold thickness method.12Percent body fat ('ZO Fat) and lean body mass (LBM) were subsequently estimated from the sum of the skinfold measurements. Physical characteristics of the subjects are presented in Table 1 .
Testing Procedures Prior to the testing,subjectswere familiarized with the exercise protocol. Subjects refrained from food intake and caffeinatedand alcoholic beverages for at least 4 h prior to the tests. A stationary pendulum-style cycle ergometer (Model 868, Monark, Sweden) was used for the maximum oxygen uptake (~Oz max) tests. The cycle ergometer was chosen in an attempt to minimize the movement artifacts associated with exercise. Following the standardized warm-up, the initial exercise intensity was set at 30 W (60 rpm), and the work rate was increased thereafter by 30 W at 1 min intervals. Endpoint determination of the maximal test was defined as volitional exhaustion (failure to maintain the pedal cadence).
Oxygen uptake was continuously monitored with a Rayfield system throughout the V02~.Xtest. The Rayfield system consisted of an open spirometer interfaced with an Apple computer (Cupertino, CA). Inspired air volume was determined with a dry gas meter (Rayfield RAM 9200) calibrated against a 120 L Tissot spirometer (Collins, Braintree, MA). Gas fractions were analyzed with an Ametek S-3A 02 analyzer (Sunnyvale, CA) and a Beckman LB-2 C02 analyzer (Fullerton, CA). Oxygen uptake and carbon dioxide production were calculated using the Haldane transformation of the Fick equation. Prior to each trial, these gas analyzers were calibrated with known gas samples analyzed by the micro-Scholander technique.
Blood pressure was measured in the right arm with "amplified auscultation" by trained observers who had normal auditory acuity bilaterally. The Korotkoff sound was amplified using a Colin STBP-780 automated BP monitor (Colin Medical Instruments, San Antonio, TX). Briefly, a mercury sphygmomanometer was joined to the pressure line using a Y-connector, and a stereo headset was used by the investigator to simultaneously monitor the Colin STBP-780 recordings. The rationale for using "amplified auscultation" is based on a recent report that the increase in ambient noise during exercise testing may mask the "conventional" auscuhatory Korotkoff sounds, making detection of the proper Korotkoff sounds difficult.ls The resting blood pressure was the mean of two blood pressure measurements taken after 15 min of supine rest under quiet, comfortable laboratory conditions. Throughout VO*~,, test, blood pressure was monitored in l-rein intervals. Blood pressure was measured with the subject's arm relaxed and hand removed from the handle bar. Phase V and IV Korotkoff sounds were used for the diastolic blood pressure during rest and exercise, as recommended by Frohlich et al.14 Statistical Analysis A Student's unpaired ttest was used to compare the subjects' physical characteristics and V02~., values between trained and untrained subjects. Test data for the blood pressure response to graded maximal exercise were analyzed with a twoway (group X time) analysis of variance with repeated measures. In an attempt to deal with the problem of differing numbers of subjects at the higher work rates near maximum, the absolute work rate was arranged from rest (ie, OW) to the work rate that most subjects (except one untrained female) tolerated (ie, 210 W), and then maximal work rate was added at the end. When indicated by a significant F value, a post-hoc test using a Newman-Keuls procedure was performed. Parental history for hypertension was examined using the X2 test. The level of significance was set at P <.05 in all comparisons. Descriptive statistics were expressed as mean & SE.
RESULTS
The subject characteristics are presented in Table 1 . There were no significant differences in age and physical characteristics between the groups. Parental histories of hypertension in the trained and untrained group were 32.0% and 43.3%, respectively. As shown in Table 2 , endurance-trained subjects were characterized as having significantly (P < .05) lower resting heart rate values and higher maximal work rate and VOZ~,x values compared to untrained subjects. There were no significant differences in resting supine blood pressure between the two groups. Figure 1 illustrates the changes in arterial blood pressure during graded maximal exercise tests. In both groups, systolic blood pressure increased linearly with increases in work rate, whereas diastolic blood pressure remained unchanged. However, trained subjects achieved significantly (P < .05) higher maximum systolic blood pressure values compared to untrained subjects. The maximum values for systolic blood pressure were 225 t 3 mm Hg in the trained group and 204 < 4 mm Hg in the untrained group ( Table 2 ). The group differences were also significant (P < .05) at the work rates of 180 and 210 W. There were no significant group differences in diastolic blood pressure values throughout the exercise test.
DISCUSSION
The major finding of this study was that endurancetrained individuals had significantly higher maximal systolic blood pressure values during graded exercise compared to untrained subjects, matched with respect to age and physical characteristics. The maximal systolic blood pressure value of 225 mm Hg in the trained group exceeds the values typically used to define an exaggerated blood pressure response ( >200 to 220 mm Hg) .3'15'16 It should also be noted that the group differences were manifested at lower intensities of exercise. Our results are in general agreement with previous studies examining the role of physical training on maximal blood pressure during exercise. Ekblom et alb and Stratton et a17reported that 16 to 24 weeks of endurance training increased maximal systolic blood pressure by 18 to 20 mm Hg. Svedenhag et al~found higher systolic blood pressures in high-fitversus lowfit subjects (229 v 216 mm Hg). When they trained the low-fit group for 16 weeks the value showed an increase of approximately 6 mm Hg. Conversely, Steinhaus et al' reported that there was no effect of training state on maximal systolic blood pressure. However, a close examination of their data shows that there was probably an age X fitness interaction. The young high-fit subjects had greater systolic pressures than the young low-fit subjects (206 u 188 mm Hg), whereas no difference was seen in the old high-fit and old low-fit groups (188 v 186 mm Hg ).9 Taken together, these collective studies indicate that young endurance-trained individuals have elevated levels of systolic blood pressure during maximal exercise.
Prospective, longitudinal studies have reported that increased levels of systolic blood pressure during exercise are predictive of future hypertension 2-4 and cardiovascular mortality .17 Since endurance-trained individuals exhibit this type of exaggerated blood pressure response, it implies that they are at increased risk of subsequent hypertension. However, numerous studies have shown that trained individuals have a lower-than-normal risk of developing hypertension.ll[) For example, Blair et al performed maximal treadmill tests on 4820 men and 1219 women aged 20 to 65 years. High-fit persons had a lower relative risk of developing hypertension compared to the low-fit group."] Thus, it appears that the blood pressure response to exercise is not a valid prognostic test in physically active individuals.
It is likely that the difference in maximal systolic blood pressure between the groups is attributable to the difference in maximal work rate achieved. However, the mechanism for the increased maximal systolic blood pressures seen in trained subjects is not clear. It has been demonstrated that trained subjects have 15% to 30Y. increases in maximal stroke volume and cardiac output, compared to untrained persons.lx However, trained subjects also have a greater maximal vascular conductance, reflecting alterations in vascular structure within skeletal muscle.lsrlyThe enhanced capacity for vasodilation in trained subjects probably contributes to a greater outflow of blood from the arterial compartment to the venous compartment during diastole. This may be part of the explanation for why diastolic pressures were not different in trained and untrained subjects.
It should be noted that the trained group also had increased levels of systolic blood pressure at submaximal intensities of exercise (eg, 180 and 210 W) . This finding is in agreement with a longitudinal study by Ekblom et al, b who reported significantly increased systolic blood pressure levels during submaximal exercise after endurance training. Since cardiac output is likely to be similar between trained and untrained subjects exercising at the same work rate, 18these results suggest that a higher vascular resistance already exists in trained subjects during submaximal exercise. One plausible explanation for this observation is that the trained subjects vasodilate to a lesser extent because they do not produce as many vasodilator metabolizes (eg, hydrogen ions and adenosine diphosphate [ADP]) compared to the untrained subjects.
The hemodynamic mechanisms responsible for increased maximal systolic blood pressures are likely to be different in the physically-active than in the untrained "hyperresponders." The higher systolic blood pressure in the trained individuals may be a normal adaptive response that is associated with increased cardiac output, and may be required to maintain simultaneous perfusion pressure to widely dilated skeletal muscle and vital organs under the conditions of low systemic vascular resistance.z" A limitation of this study was the use of auscultatory blood pressure measurement during exercise. While the validity of auscultation is well established at rest,21there continues to be concern about this technique during exercise. Lightfoot22 recently reviewed the topic and concluded that auscultation may provide an adequate representation of intraarterial systolic blood pressure, but not diastolic blood pressure. Of the six published articles, three 2s-25found close agreement between auscultation and direct, intraarterial systolic blood pressure measurements. The other three 2h-2R found that auscultation underestimated systolic blood pressure in the brachial or radial artery by 15 to 30 mm Hg. However, systolic pressures in a peripheral artery overestimate the central aortic pressure due to pulse-wave amplification.22 Thus, it may be that the auscultatory values are closer to central aortic pressure than values from a peripheral, indwelling catheter. Our use of the auscultatory method does not invalidate group comparisons, since this method should not underestimate blood pressure to a greater extent in untrained subjects versus trained subjects. More importantly, most studies examining the exaggerated blood pressure response as a predictor of future hypertension have used the auscultatory method .s4i529
In summary, trained individuals exhibited significantly higher levels of systolic blood pressure during maximal exercise than a similar group of untrained subjects. The average value for maximal systolic blood pressure was within the range usually classified as an exaggerated blood pressure response ( >200 to 220 mm Hg). We conclude that endurance-trained individuals do not have smaller blood pressure responses to maximal exercise despite their reduced risk of future hypertension.
